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BIOLOGICAL BULLETIN 


THE PROTOZOAN LIFE CYCLE. ' 
GARY N. CALKINS. 


Twenty years ago it was an amusing pastime to see with the 
aid of the microscope, and to describe, new and interesting forms 
of unicellular organisms. Today there is not a field of biological 
science that is not illumined by the deeper study of the protozoa, 
and the pastime of our fathers has become the science of protozo- 
ology to-day. In its modern aspect this new science has many 
sides, morphology, physiology, psychology, cytology, and pa- 
thology, and although there is little danger of its being cut up into 
unrecognizable parts, there is need of some ground principle or 
principles to hold the many branches of protozoa study together 
and to unify the science. It was the genius of Schaudinn, whose 
untimely death has taken from protozoology its most brilliant 
light, to establish such an unifying foundation, and in his clear 
perception of the importance of the life cycle we have the key 
note of our present day conception of the protozoa. With our 
present knowledge we may define protozoa as: Independent, uni- 
cellular, animal organisms which reproduce by division or spore 
formation, the progeny passing through various phases of activity 
collectively known as the life cycle, and manifesting various 
degrees of vitality with accompanying form changes. 

In thus emphasizing the life cycle in the definition I would seek 
to introduce into protozoa study the recognition of the entire cycle 
of changes as a necessary basis for species. I would have the 
presentation of the life history of a protozoon a prerequisite for 
its acceptance as a new species and would have zoologists recog- 


' Substance of addresses given before Sections D and K of the British Association 
for the Advancement of Science, at York, 1906 
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nize that a new species can no more be created on the basis of a 
single cell or group of cells in the same stage of the life cycle than 
a species of mammal can be established on the basis of a fore 
limb, a jaw bone, or a tooth. It seems to me high time that the 
science of protozoa-study should be freed from the charge of 
dilettantism, and time for the literature to be cleared of the great 
burden of synonyms that must ever increase so long as novices 
in this field of study see and describe in print what to them are 
new and curious forms. 

There is enough known at the present time of protozoan life 
cycles to indicate that for a given species the cycle under similar 
conditions is always the same, and we are justified in considering 
the entire congeries of forms which the protozoon passes through 
in its life cycle, and not the single cell, as the “ individual,’’ com- 
parable indeed, as has long since been pointed out, to the meta- 
zoon. There is nothing fanciful in comparing the rapid asexual 
phase of a protozoon with the proliferation of somatic cells of a 
metazoon, or the periods of conjugation and old age in a life cycle 
with the sexual maturity and senescence in metazoa. So many 
different forms are assumed by the protozoon in the numerous 
stages of vitality, that, unless the entire cycle is known, even the 
skilled observer might be justified in considering the various 
phases of the same organism as different organisms. Instances 
of this confusion come to your minds at once, and I need but 
mention Plasmodium and Polymitus, Coccidium and Eimeria to 
illustrate my meaning. The same confusion has recently come 
under my observation in connection with Paramecium aurelia and 
P. caudatum, which, since the classical work of Maupas, have 
been generally but erroneously accepted as distinct species. 

The specific differences between these two supposedly different 
forms have been emphasized by Maupas and Hertwig, and more 
recently by Simpson, and are based upon some minor character- 
istics of size and form but mainly upon the presence of two 
micronuclei in P. aure/ia and one in P. caudatum. Inall cultures 
of P. caudatum, epidemics of conjugation appear at more or less 
regular intervals. Four pairs of conjugating forms were isolated 
from such a culture on March 11, 1905, and after separation the 


eight individuals were isolated and their several histories followed 
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out until the race in each case became extinct. Two of the eight 
individuals representing different pairs continued to multiply in 
cultures for more than a year, the method employed being the 
same as that used in previous experiments.' The other six died 
before reaching the fourth generation. One of the two success- 
ful exconjugants reorganized as Paramecium aurelia, the others 
as P. caudatum. _The caudatum form was much more vigorous 
than the aure/ia form and kept up in its division rate with a ninth 
individual that was chosen for control from the individuals that 
had not conjugated in the original culture. At the end of two 
months the aurelia form had divided 55 times, the caudatum 
form 76 and the control 77 times. in the period between the 
last of April and the end of June the auvre/ia form gradually lost 
its specific aure/ia characters and became more and more like 
caudatum. The two micronuclei were reduced to one, one being 
absorbed, and by the seventieth generation the original aurelia 
form could not be distinguished morphologically from the origi- 
nal caudatum form, while its division energy became much 
greater than that of the other types in culture, an energy which 
lasted through more than 300 generations. 

Without entering into a discussion of the interesting biological 
features of this apparent change of species which I have published 
elsewhere,’ I would merely call attention to the fact that here at 
any time, during the first 45 generations at least, the thousands 
of cells that might have been formed would have been classified 
as P. aurelia, while study of the life history shows that it is only 
a temporary form assumed by /. caudatum and is to be interpreted 
as a mere variant or sport. These results merely emphasize the 
importance of studying the entire life cycle as a basis for proto- 
zoan species. 

It is particularly important that these specific distinctions 
should be clearly recognized in that field of protozoan research 
which is most important at the present time, — the pathogenic. 
Here more than in any other field of biological study is the need 


1 Calkins, ‘* Studies on the Life History of Protozoa,’’ I., Arch. f. Entwk., XV., 
No. I, 1902. 

2 Paramecium aurelia and Paramecium caudatum, in * Biological Studies ’’ by 
the pupils of William Thompson Sedgwick, Chicago, 1906, 



































































































































232 GARY N. CALKINS. 


of a clear conception of the different phases of the parasite, and 
the possibility of different hosts or of different effects on the same 
hosts at different periods of vitality should be known to the 
pathologists. The tendency to put protozoa on the same basis 
of research as the bacteria, despite the brilliant work in cultivat- 
ing certain types of protozoa on artificial media, which one of my 
countrymen regards as the sie gua non of pathogenic protozoan 
research, seems to me to be a step in the wrong direction. To 
study parasitic protozoa in culture is to study them under one 
condition only, and in one phase only of the life history, and the 
different forms that are met with in such artificial media may be 
more often involution types than normal phases, and the great 
multiplication of species of 7rypanosoma or Spirocheta bespeaks 
perhaps more than any other one thing the presence of a new 
type of novitiate in protozoan research. 

If the life cycle is to be accepted as the basis of new species, 
and regarded as the individual in a taxonomic sense, it should 
be sufficiently definite to be taken as a unit, and the life his- 
tories of widely separated species should have some common 
grounds for comparison. Thanks to the great stimulus given 
in recent years to protozoan study, we know the full life his- 
tory of many widely separated forms, and at the present time 
we are able to generalize to some extent and to formulate a few 
ground principles. The old-time comparison of the metazoon 
with the mass of cells that are formed by the repeated division 
of the first parent cell of a protozoon after conjugation, can be 
amplified and extended at the present time to the comparison 
with the metazoon of not only the mass or morphology, but the 


physiology or general biology of the constituent cells as well. 


As with the metazoon so with the aggregate of protozoa cells, 
we note a period of youth characterized by active cell-prolifera- 
tion ; this in both groups of organisms is followed by the gradual 
loss of the division energy accompanied by morphological changes 
in type of the cells preliminary to conjugation and fertilization 
and to the renewal of vitality by this means. When such re- 
newal is omitted, and for one reason or another this stage is 
never reached by the great majority of protozoa, the third char- 
acteristic period — old age — supervenes and the race of pro- 
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tozoa dies out from protoplasmic senility no less surely than 
does the body of the metazodn. We can distinguish, then, in 
the life history of a protozoon three more or less clearly marked 
stages, youth, adolescence, and old age, each with certain char- 
acteristics but which we cannot sharply mark off one from an- 
other any more than we can clearly limit the three stages of a 
metazoon. 

As with the fertilized egg of a metazo6n, the copula or ferti- 
lized cell of a protozoén is endowed with a great power of cell- 
reproduction and with a high potential of vitality, and this is the 
main characteristic of the first period of the life cycle. This 
reproduction may take the form of simple division, of budding, 
or of spore formation, according to the difficulties that have been 
successfully overcome by the species in its struggle for exist- 
ence. The young forms show well marked conformity to type, 
and this feature, occurring when the greatest numbers of repre- 
sentatives of the species are in evidence, undoubtedly has given 
a false impression of the stability of form of the protozoan species. 

This is the period also of the greatest resistance to adverse 
conditions of the surrounding medium and in pathogenic forms 
it is the period of greatest malignancy. It is a well-known fact 
that, in many parasitic forms of protozoa, attempts to inoculate 
from animal to animal are either failures altogether or result in a 
weakened race of the organisms ; these failures are perhaps due 
to the inability of the organisms in a more or less weakened 
condition to withstand the natural immunity of the host, which 
they are perfectly able to do with the full potential of vitality 
with which they are endowed after conjugation. In some cases, 
as for example in Trypanosoma, the natural vitality of the para- 
site is so much greater than the natural resistance of the host 
that such inoculation is possible and the transplanted organisms 
continue to live. The matter of malignancy is so intimately con- 
nected with this question of restored vitality that, in yellow fever 
for example, it alone is almost sufficient to indicate that conjuga- 
tion processes must take place in the body of Stegomyia fasciata. 

This first period is then marked by a distinct excess of con- 
structive over destructive metabolism and in the series of divisions 
or repeated spore formation which follows fertilization there is a 
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gradual tendency for the energy of multiplication to weaken, or, 
as we may express it, the constructive and destructive processes 
tend to equalize. With the decline of the division rate comes 
the advent of the second period in which the most important 
functions in the life of the protozoon occur. 

The main characteristic of this second general period, or 
adolescence, is a general decline in the multiplication rate and 
more or less definite change in form of the cells and in their 
chemical and physical composition. A single cell, unless it is in 
the sexual phase, gives little or no clue to its stage in the life his- 
tory. In the majority of cases it is only by the study of a long 
series that the student is able to recognize this period in the life 
cycle. In such a study, which one can easily carry on with cer- 
tain free forms of ciliates, the decline of the division rate with ad- 
vancing age of the series is easily followed. In a form like Para- 
mecium, for example, where there is no sexual dimorphism, one 
notes at this period a change in the physical constitution of the 
protoplasm. Such changes, leading in Paramecium to what I 
have termed the “ miscible”’ state, are certainly the most striking 
features in the life history of protozoa and a fortiori of the period 
of adolescence, for in them we find an explanation of all the form 
changes that take place in any life history. Such form changes 
may involve only the cytoplasm as in Paramecium or Tetramitus, 
only the nucleus as in chromidium formation in rhizopods, or 
both nucleus and cytoplasm as in gamete formation with or with- 
out sexual differentiation. 

In Paramecium this condition comes at a period which Maupas 
designated as sexual maturity. The body size is somewhat less 
than at earlier periods, although this is by no means a constant 
feature, size depending chiefly on the rate of division and so only 
indirectly on age. The plasticity at this period is remarkable, 
and the cortical plasm is so sticky that two organisms striking 
each other will fuse at the point of contact. I have had Para- 
mecia in culture during an epidemic of conjugation with the pro- 
toplasm so highly miscible that amorphous groups of partially 
fused Paramecia were formed by the accidental union of from 
three to nine individuals, dozens of such groups whirling round 


and round amongst the normally conjugating pairs. 
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In Zetramitus, Cercomonas, or other similar flagellates with a 
firm contour and a definite shape, the organisms in the period 
of adolescence become plastic or even amceboid, and like Parame- 
cium they conjugate while in this condition. 

Among the morphological changes that occur during this 
period of adolescence none are more subtle or more difficult to 
interpret than those of the nucleus; indeed, we are here brought 
face to face with one of the fundamental problems of modern 
biology —the maturation phenomena. While these are undoubt- 
edly general biology or cell problems, there is another phenom- 
enon connected with the nucleus of protozoa at this period which, 
despite the ingenious analogies of Goldschmidt, has no satisfac- 
tory simulacrum in metazoa,—the formation of chromidia. 
Using the term tdiochromidium proposed by Mesnil to designate 
the distributed chromatin prior to gamete formation, we see in 
this material a practically characteristic sexual substance which, 
appearing prior to conjugation, belongs primarily to this period 
of adolescence. In all those forms in which multiple fragmenta- 
tion has been described, the fragments become the nuclei of con- 
jugating gametes (examples in Coccidium schubergi and Entameba 
according to Schaudinn). In rhizopods, however, especially in 
the testacea, this nuclear distribution begins at an earlier period 
in the life history, and the zdiochromidium is characteristic of the 
ordinary vegetative forms (examples in Diffugia [Zueltzer], 
Centropyxis [Schaudinn], etc.). This chromatin differentiation 
and distribution indicates a curious change in the chemical 
balance of nucleus and cytoplasm during the period of adoles- 
cence ; a change which may appear earlier or later in different 
types, the earliest appearance being seen in the case of infusoria 
where the differentiation into vegetative and germinal nuclei 
occurs immediately after conjugation. In the majority of cases, 
however, the appearance of the zdiochromidium and the various 
stages leading up to its formation may be taken as evidence of 
advancing age of the series of individuals and as a token of the 
near completion of the cycle. 

So widespread is this nuclear phenomenon and so well estab- 
lished in protozoa studies that we are justified in some cases in 
arguing from this phenomenon alone that adolescence and the 
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period of sexual union is imminent. For example, in the case of 


the ordinary forms of Ameéa it is remarkable that sexual proc- 
esses have never been observed, although the engulfing of 
one individual by another has been interpreted as a conjuga- 
tion phenomenon. One series of forms has recently come to 
my notice which seems to indicate a sexual process. The or- 
dinary form of A. proteus, usually has but a single nucleus, but 
in one culture in my laboratory after a long series of uninucleated 
forms a culture appeared in which the individuals were in various 
phases of encystment or in nuclear fragmentation immediately 
prior to encystment. It was found that the single primary 
nucleus divides by mitosis ; that these divide again and so on 
until as many as seventy large nuclei may fill the body of the 
amoeba. In some cases before this number is reached the larger 
nuclei begin to break down into large granules which become 
distributed throughout the cell appearing exactly like the idio- 
chromidium of Diffugia, Arcella or Centropyxis, All but one of 
the primary nuclei are finally disposed of in this way, that one re- 
maining unused even in the final encysted stage. In this final 
stage the cyst is filled with many reproductive bodies, which from 
analogy with other rhizopods I interpreted as gametes. 

Not only is chromidium formation important in determining 
the phase of development of a given form, but it may also be of 
the greatest assistance in proving the protozoon nature of ques- 
tionable structures found in certain diseased tissues. An interest- 
ing example has recently come up in connection with the organ- 
ism of rabies. This organism, under the name of the Negri 
bodies, has been looked upon with great suspicion by biologists 
and pathologists alike, and from its general staining reaction and 
from its ordinary vesiculated appearance it has been more fre- 
quently passed by as an artifact or secretion or degeneration 
product, than considered as an organism. But during the season 
just passed, Dr. A. W. Williams, of New York, working with a 
different method from that ordinarily employed, was able to prove 
that what appear usually as vesicles in these bodies are in reality 
substances which take a characteristic nucleus stain with the 
Giemsa method, and she shows that the Negri bodies are 
amceboid cells with nuclei in different stages of chromidium 
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formation. These erstwhile questionable bodies must now go 
into the protozoan literature under the generic name of Veuro- 
ryctes given by Dr. Williams. When the same method comes 
to be applied to the small-pox organism, I am confident that the 
last doubter will be convinced that it, too, is a protozoon, and of 
the rhizopod type. 

Still another feature of this second period is the change in form 
of the conjugating individuals. We have seen that, with increas- 
ing maturity, the organisms of a cycle lose their definite shape, 
become plastic or amceboid in some cases and conjugate while in 


this condition. Now it is probably due to the same underlying 


causes that gametes of relatively minute size are formed. In 
Polytoma, for example, size differences are entirely facultative, 
two normals, two reduced individuals, or one normal and one 
reduced individual may unite. From such an indifferent condi- 
tion we find all intermediate stages to fully established obligatory 
differences in size between conjugating forms and vegetative forms. 
This might be interpreted as a purely physiological matter de- 
pending upon the general chemical and physical balance in the 
cell, but with it is bound up very often a second phenomenon,— 
sexual differentiation, which has a deeper significance than the 
mere change of form at this period of adolescence. The study 
of protozoa has thrown no light as yet on this problem, which 
according to recent experimental and cytological findings, espe- 
cially Wilson’s discoveries on the extra sex-determining chromo- 
some in certain insects, would seem to be a matter of inheritance 
rather than of controllable physiological balance. In many cases 
what may be called secondary sexual characters in protozoa are 
evident from the very outset after conjugation, even the first 
progeny being sexually differentiated as in Trypanosoma or 
Adelea, and this certainly can not be traced to advancing age or 
to changes in chemical relations of nucleus and cytoplasm. 

In some cases these differentiations are not established until 
some change in external conditions brings them out. Klebs, 
Dangeard, and others have made different types of flagellates 
conjugate by changing the temperature or increasing the den- 
sity in the surrounding medium. The same experiment is per- 
formed by mosquitoes and other insects on various parasitic 
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protozoa, as when some blood dwelling parasite is withdrawn 
from the hot environment of the mammalian body to the colder 
regions of a mosquito’s digestive tract. If such experiments 
become obligatory, and it is apparently so in many cases, then 
certainly the most efficient prophylaxis is getting rid of the all- 
important intermediate host, a preventive measure that has been 
so signally successful in the Roman Champagna, in Cuba, in 
Vera Cruz, and in New Orleans. 

The happenings within the body of such intermediate hosts 
are by far the most important to the parasitic protozoa of all their 
life processes, for the conjugation period with them, as with all 
free-living protozoa, is the critical period of the life history, and 
on it depends whether the race shall be given a new vigor and a 
new lease of life, or shall pass on into the third period of the life 
cycle characterized by old age or senescence and death. 

The third period in the life cycle of protozoa is characterized 
by the peculiar cytolytic processes that accompany starvation, 
by loss in size, by vacuolar degeneration in nucleus and cytoplasm, 
and by final natural death. The symptoms may precede both 
physiological and germinal death, and many of the so-called 
involution forms frequently described in parasitic protozoa may 
be individuals in this third stage of vitality. At this period, con- 
jugation, as pointed out by Maupas, seems to be impossible, the 
chance of rejuvenescence is cut off, and the race, now comparable 
to the worn out somatic cells of a metazoon, becomes extinct. 

This series of changes from the fertilized cell to the ultimate 
extinction by natural death is a consecutive series and forms a 
clean-cut and well-defined life cycle or unit for all forms of pro- 
tozoa. The vital processes are vegetative in nature and varying 
phases may be largely accounted for by the conditions of metab- 
olism. In metazoa we can make a clear distinction between 
the history of the individual and the history of the race, and in 
protozoa, with the life cycle as the unit, we can make the same 


distinction. The ordinary phenomena of vegetative life of the 


cell, metabolism in all its processes, have to do with digestion, 
excretion, irritability, growth, and multiplication, and are functions 
pertaining distinctly to the life cycle and may be considered in- 
dependently of those which have to do with the continuity of the 
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species or race. Among the latter are the many processes 
accompanying fertilization and rejuvenescence, and the phenom- 
ena here, although not a part of the life cycle any more than 


sexual processes are a part of the life history of an individual 


metazoon, are nevertheless dependent on it and can not be omitted 
in any adequate account of a life cycle, since the succession of 
cycles, or the race, depends upon them. It is in this field of 
phenomena that we find the most fascinating aspects of modern 
protozoa study, for the problems here are general biological 
problems, and their solution means the illumination of some of 
the darkest places in biological science. Let me ask your atten- 
tion fora few minutes, in concluding, to some features of this 
general subject that have interested me during the past year. 
They relate to maturation phenomena, to renewal of vitality after 
conjugation, and to artificial rejuvenescence in Paramecium, all 
functions of the species or race rather than of the unit life cycle. 

One of the deepest problems of general biology, heredity, is 
bound up with the history of the chromatin in the formation of 
germ cells, and here in protozoa, as the culminating phenomena 
of the period of adolescence, we find the same type of matura- 
tion as in metazoa or the higher plants. At the present time 
there seems to be no connection whatsoever between the phe- 
nomenon of chromidium formation and maturation, while the 
residual masses of chromatin that are left to degenerate and dis- 
appear in so many protozoa prior to fertilization, are more nearly 
comparable with the residual chromatin of a germinal vesicle in 
a metazoon than with maturation of the chromosomes. When 
the history of the idiochromidium is more perfectly established, 
we may have further evidence to support the identity of the proc- 
esses in protozoa and metazoa. The division of the chromidium 
granules in Amada proteus‘ which I have elsewhere described in 
some detail may be the equivalent of the maturation divisions of 
the chromosomes in germ cells of the metazoa. There is more 
definite evidence of this similarity in other forms of protozoa. 
In Trypanosoma noctue, for example, maturation processes 
entirely similar to those of the higher animals have been de- 


' « Evidence of a Sexual Phase in the Life Cycle of Ameba proteus,’’? Arch. f. 
Protist., Bd. V., 1904. 
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scribed by Schaudinn. In his preliminary paper this brilliant 
observer does not go into the details of the process but states 
categorically that the male nucleus contains only four of the 
typical eight somatic chromosomes, while the female nucleus con- 
tains a similar four in the shape of tetrads formed by the trans- 
verse division into four parts of a longitudinally split spireme 
thread, which are reduced to four single chromosomes by two 
successive divisions, one a reducing the other an equation divi- 
sion. Cytologists everywhere are waiting for a confirmation and 
for a more definite description of this remarkable process which 
thus resembles very closely the maturation processes of certain 
metazoa. Other instances of reduction in protozoa have been 
given from time to time, and are quite sufficient to show that 
maturation phenomena are as widespread in protozoa as in other 
forms of life and that their underlying significance is as wide as 
the entire field of biology. The infusoria perhaps more than other 
forms of protozoa are generally cited in this connection. Here 
Maupas early showed that of the divisions of the micronucleus of 
Paramecium caudatum one persists to form the functional male 
and female pronuclei, while the other three atrophy and disap- 
pear in the cytoplasm. Schaudinn showed that in Heliozoa one 
daughter-nucleus which he compared with a polar body is 
thrown off to disintegrate and disappear in conjugating Acti- 
nophrys, while Hertwig showed that two such bodies are cast off 
by conjugating individuals of Actinosphzrium. 

In none of these cases has the finer details of chromosome 
formation been sufficiently described, and the number of chromo- 
somes has rarely been counted or the actual reduction made 
out. Hertwig somewhat doubtfully claimed that the number in 
Paramecium is reduced from eight or nine to four or six, but 
there certainly must have been a mistake in the interpretation of 
what constitutes the chromosome in this case, for the actual 
number is many times greater than what he gives. One of the 
graduate students at Columbia, Miss Cull, has worked with me 


the past year on the formation of the chromosomes during the 
conjugation period of P. caudatum, and although our results on 
the maturation divisions are not yet ready for publication, we 
have proved that the history of the chromatin in the early period 
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of the maturation process agrees with a remarkable exactness 
with what occurs in many germ cells. The curious and enig- 
matic crescent which the micronucleus forms during the early 
phases of maturation, is the form assumed by the nucleus during 
the stages of synapsis and contraction, and the first spindle 
develops from this crescentic nucleus with its longitudinally 
divided chromosomes in the form of heterotypical loops. The 
condensed chromatin of the resting nucleus is first broken up into 
many fine granules which become arranged in lines radiating 
backwards from the intranuclear division center. The nucleus 
elongates in the direction of these lines until it is seven or eight 
times the original length. Then, with the growth of the division 
center, the entire structure becomes crescent shaped and many 
times the volume of the original micronucleus. The long lines 
of chromatin appear to form a confused network, but in the con- 
traction phase which follows shortly after the crescent, it can be 
seen that these lines of chromatin are much thicker than they 
were and distinctly double, and although not conclusively demon- 
strated, the most reasonable interpretation regarding their origin 


is that the long lines of chromatin unite side by side in a typical 
parasynapsis. 


It has been customary to describe the pronuclei in Paramecium 
as fusing while in the spindle form. In a general way this is 
true, but it is only an elongated form assumed by the nucleus 
at the time of this union, for the spindle at this time is in no 
sense a mitotic spindle, the chromatin being in a finely divided 
state and distributed throughout the nuclei. 

It has been generally believed that conjugation brings about 
a renewal of vitality, a Verjiingung or rejeunissement according 
to Biitschli and Maupas, or an Erfrischung, to use a term sug- 
gested by Weismann. This interpretation seems to be so obvious 
on @ priori grounds that experiments to prove it would appear 
hardly necessary. In protozoa it is not rajuvenescence strictly 
speaking but the formation of a new individual, and so also is it 
in metazoa. It would seem to be easy enough to prove that 
conjugation actually starts a new race from weakened individuals, 
but singularly few experiments have been undertaken with this 
object in view. Some that have been carried out by Miss Cull 
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and myself during the last year, while proving that conjugation 


does bring about renewed vigor, also show that the interpretation 
must be trimmed of some of its generalizations. 

It has also been generally assumed in cases of conjugation 
where, as in Paramecium, both individuals are similar in size, 
and where conjugation is only temporary, that both individuals 
are fertilized, but according to these experiments which I have 
cited Miss Cull has shown that, in the majority of cases, while 
one individual of the original pair is markedly vigorous after 
conjugation, the other one either forms a weak strain or dies off 
at an early period. 

It would seem from these results that in cases like this of 
isogamous conjugation we can catch a glimpse at least of the 
same principle that operates in the fertilization of an egg by a 
spermatozoon, where one cell loses its identity and continues to 
exist only in conjunction with another cell. It appears to be a 
case of incipient fertilization and indicates some physiological 
difference between the conjugating individuals analogous to that 
between spermatozoon and egg. 

The analysis of the conditions governing conjugation has not 
yet been carried very far. My own experiments show that 
Maupas’s three conditions can not hold. Hunger apparently 
has nothing to do with it, and diverse ancestry is not essential, 
for I have obtained as large a percentage of successful endogam- 
ous as exogamous pairings and have carried one endogamous 
exconjugant through 379 generations. Maturity, however, the 
third “‘ condition” postulated by Maupas, seems to be necessary, 
understanding by this term the peculiar state of cytoplasm and 
nucleus when conjugation is possible and a condition which can 
be induced by artificial means such as change in temperature or 
of density in the surrounding medium. 

There is yet another matter that I wish to speak of in connec- 
tion with conjugation and rejuvenescence, and that is the question of 
artificial rejuvenescence, a matter which has an important bearing, 
it seems to me, in all protozoan life histories. In a series of 
experiments which I carried on for twenty-three months with one 
race of Paramecium, it was found that periodic reductions of 
vitality occurred at intervals of about six months. At such 
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periods of ‘‘ depression” the race under cultivation would have 
died out entirely, had not stimuli in the form of extracts of dif- 
ferent substances (beef, pancreas, brain, etc.) been applied. With 
the aid of such restoratives on three different occasions, the race 
was carried through four “cycles”’ of activity and through 742 
generations. 

There is no doubt that the organisms would have died of a 
real physiological exhaustion, had they not been artificially stimu- 
lated, and even when the race finally ran out, it was not from 
physiological exhaustion in the same sense, for stimuli had again 
been successful in restoring the vegetative functions. It was due 
to some more deeply lying trouble, and the results confirmed 
Hertwig’s view of ‘‘ germinal ”’ death as contrasted with ‘‘ physio- 
logical’’ death, and, as I have elsewhere pointed out, they 
demonstrate that in the protozoon as in the metazoon we may 
distinguish between somatic and germinal protoplasm. 

We can readily understand how such periods of depression 
may be overcome in nature and stimulation effected by changes 
in the immediate environment or, in parasitic forms, by changes 
in the blood, and continued activity of certain parasites or appear- 
ance of the recidive in malaria, etc., may thus be accounted for. 
But the organisms themselves have an efficient means of bringing 
about this renewal of vitality. It seems probable that some 
original supply of physiological energy is continually drawn upon 
by the vegetative organisms, some “ potential of vitality,’’ which, 
like the charge of a battery, may become exhausted. As ina 
battery this potential can be renewed by artificial means, but 
unlike a battery it can also charge itself by the process of par- 
thenogenesis. This has been shown by Schaudinn to take place 
in the malaria organism, Plasmodium vivax and in Trypanosoma 
noctue of the owl. Here, as in some insects, rejuvenescence is 
brought about by the union of the kinetonucleus and the vegetative 
nucleus, and is quite analogous to the fertilization in some meta- 
zoa of the egg nucleus by a polar body nucleus. Protozoan 
organisms which are thus restored by parthenogenesis seem to 
carry with them at least one extra charge of vitality, and we have 
no basis for speculating as to the length of time that such par- 


thenogenetic processes may continue ina race. In the experi- 
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mental work on Paramecium artificial parthenogenesis was suc- 
cessful at three different periods of depression but failed on the 
fourth, and we may infer that normal parthenogenesis has only 


a limited success and that sooner or later the race must come to 
an end unless conjugation and nuclear reorganization take place. 
It is conceivable that parthenogenesis is only a means of offsetting 
physiological death or in other words, of stimulating physiological 
activities in protoplasm in which the potential of development is 
not yet exhausted. 





LOCOMOTION IN YOUNG COLONIES OF PEC- 
TINATELLA MAGNIFICA. 


ALICE W. WILCOX. 


Pectinatella magnifica is the largest of the fresh-water bryozoa 
(Phylactolemata). It is a distinctively American form and is 
generally known by the conspicuously large masses of it, which 
are formed in the late summer and fall. These masses com- 
monly are as large as a man’s head and often attain the size of 
sixteen by eight or nine inches. They are found floating or at- 
tached to.submerged solid material in some of our purest fresh- 
water ponds and reservoirs. Each of these masses consists of a 
thin coating of Pectinatella colonies attached to a thick sub- 
stratum of transparent, colorless jelly. The colonies are diamond- 


shaped in general form, with many slender, radiating lobes, each 
bordered by a double row of actively-contracting polypides. 


These jelly masses are one of the most unique phases of the 
life-history of the species. In order to understand their mode of 
formation, I undertook a preliminary study of the growth and 
behavior of the young Pectinatella colonies. This resulted in the 
discovery that during their early stages these: colonies have the 
power of independent motion. This paper gives the evidence of 
this fact of /ocomotion in young Pectinatella colonies. 

It was long believed that the power of locomotion in the 
bryozoa was confined to the genus Cristatella, of which it is a 
striking characteristic. But a Danish zoologist, Wesenburg- 
Lund (’96), discovered that another genus of the Phylactolamata, 
Lophopus, has this power of independent locomotion. He observed 
that the young Lophopus colonies sometimes migrate six centi- 
meters in the course of twelve hours. 

In tgo1 I studied young colonies of Pectinatella magnifica 
under most favorable conditions at Cold Spring Harbor, L. I. 
There Pectinatel/a occurs in abundance in three connecting fresh- 
water ponds. Flood-gates separate the adjacent ponds and to 
these the statoblasts of Pectinatella often attach themselves and 
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give rise to young colonies. The colonies on one gate I observed 
regularly at twenty-four hour intervals for a period of six weeks 
from June 8 to July 21. The observations were recorded in a 
series of forty-three outline drawings made to scale, showing the 
colonies in their actual position in relation to certain fixed lines. 
A selected series of fifteen of these figures is reproduced to illus- 
trate this paper. 

In each figure, the unbroken outlines represent the position of 


the colonies on the date indicated, and the broken outlines their 


position the previous day. The two straight lines, crossing each 


other at right angles represent the fixed reference lines on the 
flood-gate. 

Fig. I represents two small colonies, d and 8. Colony A has 
just come out of its statoblast and become attached. Colony 2 
is somewhat older and about three times as large as A. 

Fig. 2 represents the same colonies two days later. Their 
size is not perceptibly increased, but both colonies have moved 
to the right and 4 has approached a little nearerto B. 2 shows 
a slight constriction preliminary to division. 

Fig. 3 represents colonies, A and J#, after another interval of 
three days. Both colonies have increased in size and are coming 
still nearer together. 2 is becoming definitely lobed. 

Fig. 4 represents the conditions one day later. Colony 4 has 
migrated back toward its original position. Colony 2 has divided 
by fission into two parts, B' and B*. 

Fig. 5 represents the colonies the following day. Colony A 
is still shifting its position slightly, but without increasing in size. 
Colonies, B' and 4’, are already beginning to move apart and to 
change their position in relation to colony A. 

Fig. 6 represents the conditions seven days later. After a 
period of comparative rest colony 4 has moved to anew position 
and increased in size. Colonies, B' and J, are still changing 
their absolute and relative positions. 

Fig. 7 represents the colonies three days later. Each has 
definitely enlarged and changed its position somewhat. J” has 
moved entirely off its position of the day before as shown by 
comparing the even and broken outlines of the colony. 


Fig. 8 represents the conditions after another interval of three 
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days. It shows further increase in size and a greater degree of 
locomotion of each of the colonies. 

Fig. 9 represents the colonies three days after Fig. 8. Marked 
changes have occurred; colony 4 has more than doubled its 
size and has divided into two parts: A' and A’, each of which 
is moving ; A'is growing and migrating ; B® has just divided 
into two parts: B* and B**, 

Fig. 10 represents the colonies two days after Fig. 9. They 
are in a state of rapid growth as indicated by their increased size 
and their definitely-lobed margins. 

Fig. 11 represents the colonies two days later, indicating im- 
portant changes. Colony dA! is divided into two: A’ and A™, 
which are moving apart. Colony A? is much enlarged and 
divided into A*! and A**. Colony S' has become deeply lobed. 
Colony S*" is moving and preparing to divide. Colony 4** has 
divided into colonies 4**' and 5*** 

Fig. 12 represents the conditions three days later. It shows 
increase in size of each of the colonies, and further division of 
colonies A*', A**, B' and B*'. Also a part of colony 4** has 
fused with a part of colony A**. From this time forward the 
locomotion of the individual colonies cannot keep pace with their 
growth. Hence as the colonies divide and move apart they 
come in contact with other colonies with which they fuse. 

Fig. 13 represents the colonies two days after Fig. 12. A 
number of the colonies are literally running together. 

Fig. 14 represents the conditions after an interval of three 
days. It shows marked growth in every direction. All buta 
few outlying colonies are united in a single mass. 

Fig. 15 represents the colonies three days later. They are 


forming one continuous mass, which is not only expanding its 
area rapidly, but also is thickening perceptibly, especially in the 
middle. The latter change is due to the heaping up of the 
secretion of the under surface of the colonies. 


This study of the young Pectinatella colonies shows very con- 
clusively that they possess the power of /ocomotion. This power 
is definitely associated with the phenomena of growth and divi- 
sion. The increasing size of a colony causes it to divide. The 
fact that young Pectinatel/a colonies multiply by fission was first 





248 ALICE W. WILCOX. 


brought out by Hyatt (65). The frequent division of the colo- 
nies along with the tendency toward further growth occasions 
locomotion. 

The real cause of locomotion must however be referred back 
to the activity of the moving colonies and the condition of the 
substratum on which they rest. The individual polypides of 
Pectinatella are very irritable. They contract and expand tre- 
quently and with some force. All the polypides on one side 
of a colony contracting simultaneously give impetus enough to 
move the whole colony over a slippery surface. The gelat- 
inous secretion which underlies the young colonies has not yet 
hardened, and in its semi-fluid state offers a slimy surface over 
which the small colonies move with very little resistance. 

The rate and amount of locomotion varies with the size and 
condition of the colony. After a colony is well started and 
growing rapidly, it divides often and the resulting colonies move 
apart quickly and as far as the free space about them permits. 
But there are limits to this power of locomotion. The colonies 
can move only as they are impelled by the activity of the poly- 
pides. Hence as the polypides lose their vigor, as they do dur- 
ing reproduction, locomotion must cease. The power of loco- 
motion also decreases with the increasing size of the colonies. 
The external conditions also limit locomotion. So long as the 
gelatinous substratum is in a semi-liquid state, the young colonies 
move with freedom, but as it gradually solidifies they become 
fixed. Often locomotion is limited also by the space about the 
colony. If two colonies in process of locomotion come in con- 
tact with each other, their motion is checked and they fuse 
together. As the colonies spread and form a confluent mass, 
further growth is allowed for only by the rapid thickening of the 
gelatinous ectocyst. 

But what is gained by this unique power of locomotion? As 
division is necessary to keep the individual colonies small, so 
locomotion after division, is necessary to allow growth to pro- 
ceed freely in all directions, and the characteristic radiately-lobed 
colonies to be formed. 


This discovery of locomotion is significant, owing to the light 


which it throws upon the mode of development of the large 
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fall masses of Pectinatella magnifica already referred to. The 
only theory of their origin, on record up to this time, is that of 
Hyatt (65), who believed that each mass was derived from as 
many statoblasts as there are colonies. In the light of this study, 
it is evident that each mass arises from relatively few, instead of 
innumerable statoblasts, and that it is formed in a similar way to 
the mass resulting from the two colonies, A and B, that is, 
through the combined phenomena of growth, division and 
locomotion. 


BROWN UNIVERSITY, 
ANATOMICAL LABORATORY, June, 1906. 
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DESCRIPTION OF PLATES. 
Pate VIII. 
Fig. I represents Pectinatella magnifica, colonies: « . July 8. 
g I ene jut) 
Fig. 2 represents Pectinatella magnifica, colonies : >. July ro. 
Fig. 3 represents Pectinatella magnifica, colonies: A, B. July 13 


3: 
Fig. 4 represents Pectinatella magnifica, colonies : B', Be. July 14. 
Fig. § represents Pectinatella magnifica, colonies: / o?, July 15. 
Fig. 6 represents Pectinatella magnifica, colonies: A, B', B*. July 22. 


Fig. 7 represents Pectinatella magnifica, colonies: A, B'1, B?. July 25. 


Fig. 8 represents Pectinatelia magnifica, colonies: A, B1, B?, July 28. 
Fig. 9 represents Pectinatella magnifica, colonies: A‘, A?, B', B*+!, B2-2, 
August I. 
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PLATE IX. 


Fig. 10 represents Pectinatella magnifica, colonies : 
August 3. 
Kig. 11 represents Pectinatella magnifica, colonies: A'- 
1, B2-3-1, 83-32-83, August 5. 
Fig. 12 represents Pectinatella magnifica, colonies : 


A}- 
A2-2-1-2) 42-262) Ziel, Al-2-1 31.2.2 


2.1 
2-2) B2-1 


August 8. 


Fig. 13 represents the same colonies as Fig. 12 fusing. August 10. 
Fig. 14 represents the same colonies as Fig..12 fusing. August 13. 


Fig. 15 represents the same colonies as Fig. 12 fusing. 


August 16, 











ON THE RELATIVE DIMENSIONS OF THE 
OSSEOUS SEMICIRCULAR CANALS 
OF BIRDS.' 


May AGNES HOoPKINs. 


The purpose of this paper has been to determine whether there 
is any relation of the comparative dimensions of the bony semi- 
circular canals of the ear of birds, either to mode of locomotion, 
or to genetic affinities. 

These precise questions have apparently not been considered, 
except in a short paper by Farrar (1831) that was inaccessible 
to me. Indeed there has been no extended comparative study 
of the dimensions of these bony canals, though the inner ear 
labyrinth has been carefully investigated, notably by Retzius 
(1884). 

In all cases my dissections were made on dried adult skulls. 
The material used was the collection of the University of Texas. 
All the American specimens studied had been identified by Prof. 
Montgomery, and exotic ones by the dealers from whom they 
were secured. 


The work was done entirely under the direction of Prof. Mont- 
gomery, to whom | am greatly indebted for his valuable assistance 
and encouraging sympathy. 


1. Mopres oF Locomotion IN Birps. 
Archeopteryx, the earliest known bird, was a good flyer if we 
may judge from its possession of a sternal keel, but it also used 
its fore-limbs as grasping organs since they were provided with 
free unguiculate digits. 


What has given birds their superiority over the reptiles was 
the acquisition of flight, and the main avian peculiarities are refer- 
able to this mode of locomotion. Birds may have developed 
flight in one of two ways — by saltatory locomotion, whereby 
the hind limbs were used as propellers, and the fore-limbs as 
organs of balance ; or by scansorial locomotion on trees, whereby 


' Contributions from the Zodlogical Laboratory of the University of Texas, No. 74. 
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the fore-limbs came to be used as parachutes in the aerial pas- 
sage from one tree to another. The second of these ways may 
have been the more probable. No modern birds use their wings 
in the manner of legs, except the young of Ofzsthocomus, but 
employ them rather as organs of flight, as balancers or as flippers 
(penguins). 

The different modes of locomotion are intimately connected. 
In this study of the bearing of the relation of the size of the semi- 
circular canals to the mode of locomotion, the following main 
kinds of locomotion were distinguished: The cursoria/, where 
the hind limbs are employed to the greatest extent, and upon 
the hard ground ; of such birds I have examined the ostrich and 
roadrunner. The ardorcal, where wings and feet are employed 
about equally, as in most of the passeres. A modification of the 
preceding is the scansorial locomotion of such birds as wood- 
peckers. The vo/ant, where the wings are used to the greatest 
extent, as in all birds of long sustained flight ; those with the 
power of soaring represent the acme of this mode of locomotion. 
The combination of volant and nektant, that is of strong flight 
with the power of swimming, as in the gulls and albatrosses. 
The pygopodal, which may be swimming under water (grebes), or 
flight under the water (penguins). The gradlatorial, where the 
birds walk upon moist or yielding ground, with an elongation or 


partial webbing of the toes; such birds have either a strong or 


weak power of flight and some of them can swim to a slight 
extent. 

In the evolution of these modes of locomotion a climbing, 
arboreal habit was probably earliest. From this would have 
followed divergently : (2) development of stronger flight, and 
more aerial life; (4) loss of flight and terrestrial running ; (c) 
development of a wading habit. Swimming birds have probably 
descended from waders and divers from swimmers. The most 
modified birds, from the standpoint of locomotion, would be the 
two very different groups of flightless birds, the Ratitz and the 
Sphenisci. 

In any study of genetic relationships of birds one may find 
some help in considering the evolution of modes of locomotion. 
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2. DIMENSIONS OF THE CANALS. 

The right ear was the one studied in all cases, and the semi- 
circular canals laid bare by the knife. To measure these curved 
canals a piece of No. 50 cotton thread was drawn around each 
and the length marked on it ; then the exact length of the thread 
when straightened out was ascertained. All absolute dimensions 
are stated in millimeters. All measurements were made twice, 
at an interval of time, in order to secure the greatest possible 
accuracy. For units of comparison a median vertical and a 
median basilar cranial length were employed. The vertical 
length is the distance from the ventral face of the occipital con- 
dyle to the large transverse muscle crest immediately above the 
foramen magnum ; the basilar length is the distance from the 
posterior face of the condyle to the anterior aperture of the 
Eustachian tube as marked by bony ridges. These were taken 


as units of comparison because they can be very accurately 


measured, but especially because they are lengths of parts of the 
skull that are perhaps the least subject to variation. 

In the tables the first three vertical columns give the absolute 
lengths of the semicircular canals. The fourth and fifth col- 
ums give the absolute basilar and vertical lengths of the skull 
for comparison. The succeeding three columns show which of 
the canals are largest. The ninth column gives as the ‘“‘com- 
bined measurement”’ of comparison the sum of the vertical and 
basilar cranial lengths divided by two. The tenth column ex- 
presses the sum of the absolute lengths of all three canals. And 
the last column represents this sum divided by the combined 
cranial measurement given in the ninth column. This last col- 
umn, accordingly, states the sum of the lengths of the three 
canals in relation to a definite length of the skull, and may be 
called the “relative total length.” 

A comparison of the figures given in the last column of the 
tables shows what genera have the relatively larger, and what 
ones the relatively smaller canals, expressed in terms of the 
cranial measurements. We find then the following associations 
according to this relative sum total length of the canals : 

1.00 mm. to 1.25 mm., the one genus Péelecanus. 

1.25 mm, to 1.49 mm., S¢ruthio, and certain Anatide (Axas). 
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1.50 mm, to 1.74 mm., the families Ciconiide, Anatidz (Da- 
fila, Aythya, Chen, Nettion, Anser). 

1.75 mm. to I.99 mm., the families Spheniscidz, Phalacrocor- 
acid, and Anatide (Querguedula). 

2.00 mm. to 2.22 mm., the families Carthartidz ( Cartharista), 
Gruidz, Phasianidz, Laridz (Sterna), Psittacide. 

2.23 mm. to 2.46 mm., the families Ardeidz (Ardea), Cathar- 
tide (Carthartes), Tetraonide (Colinus), Laride (Larus), Tyran- 
nid, Hirundinide and Troglodytide. 

2.47 mm. to 2.70 mm., the families Ardeidze (Vycticorax), 
Tinamidz, Rallide (/udlica, Rallus), Charadriidze (-Z:gialites), 
Scolapacide (Z7ringa), Stercorariide, Columbide (Zenaidura), 
Alcedinidz and Paride. 

2.71 mm. to 2.94 mm., the families Falconidz (Auteo), Picide 
(Dryobates, Colaptes), Tetraonidz (Colinus, Callipepla, Cyrtonyx), 
Charadriide (Z£gzalites), Turdide, Scolapacide (7ringa, Calidris, 
Totanus, Symphemia), Aphrizidz, Columbidz (Columba, Turtur), 
Mniotiltida, Cuculidze and Tanagride. 

2.95 mm. to 3.18 mm., the families Rallida (Porsana), Char- 
adriidz (Sguatarola), Scolapacidz (Ereunetes), Icteridze, Capri- 
mulgidz (Phalenoptilus, Chordeiles), and Fringillidz. 

3.18 mm. to 3.32 mm., the families Falconidz (/a/co), Stri- 
gidz and Scolopacidze (Numenius, Gallinago). 

3.32 mm. to 3.56 mm., the families Charadriidz (Sgwataro/la, 
Charadrius), Caprimulgidz (Chordeiles) and Picidz (Me/anerpes). 

4.33 mm., the family Trochilidz. 

These data show that birds of the most diverse forms of loco- 
motion, and of very diverse affinities may show the same relative 
sizes of semicircular canals. For example an excellent flyer, the 
black vulture (Catharista), and the poor flyers, the chicken (Ga//us) 
and the parrots (Psittacidz), have the same relative measurement, 
1.98 mm. to 2.22 mm. Further, in certain families the genera 
may exhibit great differences in these measurements, as particu- 
larly in the Charadriidz and Anatide. 

The relative sizes of the three semicircular canals to each other 
may be summed up as follows: 

The anterior canal is always the largest. 

The posterior canal is larger than the exterior in all the follow- 
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ing families: Struthionidz, Spheniscidz, Ciconiidz, Tinamidz, 
Phasianidz, Aphrizidz, Laridz, Strigida, Stercorariidz, Alcedi- 
nidz, Bubonidz, and Hirundinide. 

The exterior canal is larger than the posterior canal in the 
families: Phalacrocoracide, Cuculide, Tyrannidz, Corvidz, Icte- 
ridz, Fringillidz, Mniotiltide, Troglodytide, and Turdidz. 

The posterior and exterior canals are equal in the families : 
Pelecanidz, Tanagridz, and Paridez. 

The posterior canal is larger than the exterior, or the posterior 
and exterior canals are equal, in the family Falconidz. 

The exterior canal is larger than the posterior canal, or the 
exterior and’ posterior canals are equal, in the families; Ardeidz, 
Cathartidz, Tetraonidz, Caprimulgidz, and Picidz. 

Falling under none of the above groups are the families: Ana- 
tide, Charadriidez, Scolapacide, and Columbidz; in each of 
which there are great generic differences of the relative sizes of 
the canals. 

3. TYPEs oF CANALS. 

In taking the measurements of the canals, I noticed that the 
position of the canals with reference to one another or the angle 
at which they are joined, was not always the same. There are 


S@ reg 


FIG. 3. FIG. 4. 


five types, though these intergrade, under which all species may 
be grouped (Figs. 1-5). It will be noticed that these are differ- 
ences mainly of the anterior canal, depending on its length. 

Type I. (Fig. 1), the genera Struthio and Tinamus. 

Type II. (Fig. 2), Cathartidae, Geococcyx, Scolopacide, Laride, 
Stercorarius, Columba, Zenaidura, Ceryle, Caprimulgide, Strix, 
Asio, Tetraonide. 

Intermediate between types III. and V. are the genera 7urtur, 
Melanerpes, and Dryobates. 
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Type III. (Fig. 3), Ardea, Phalacrocorax, Ara, Auatide. 

Type IV. (Fig. 4), Ciconia, Rallide, Grus, Eudytes, Psittacus. 

Intermediate between III. and IV. are the genera /elecanus, 
and Meleagris. 

Type V. (Fig. 5), Falco, Charadriidz, Colaptes, Trochilus, and 
the Passeres. 

In the above, as in the results from the comparison of the 


measurements, the types of canals bear no relation to locomotion ; 


for different genera having very different modes of locomotion 
have the same type of canal; for example in type II. occurs 
Catharista, one of the best flyers, and in the same group Geococ- 
cyx which seldom flies but is one of the ablest runners. 


4. EvusTacHIAN TuBE APERTURES. 

The Eustachian tubes have a common cesophageal opening in 
all cases, except in the genera Struthio, Eudytes and Tinamus, 
where there is a pair of apertures. 

The Eustachian tube is a perfect bony tube in the following : 
Sterna, Squatarola, Ceryle, Psittacus, Geococcyx, Tetraonide, 
Phasianidez, Catharista, Falco, Eudytes, and Tinamus. In all 
other cases it is imperfectly ossified. 


CONCLUSIONS. 

From a careful consideration of all the preceding data, the fol- 
lowing conclusions may be drawn : 

1. The anterior canal is always the largest. 

2. The exterior canal is larger than the posterior in the greater 
number of cases. 

3. The relative measurements of the canals to each other, as 
well as their sums, bear no direct relation to modes of locomotion. 

4. Relative dimensions certainly stand in no relation to broader 
racial affinities and such dimensions can be used as taxonomic 
characters only to limited extent. 

5. What occasions differences in these dimensions remains to 
be determined. 

6. The anterior vertical canal is the one most subject to vari- 
ation of position. 
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7. Types of bony labyrinths, distinguished according to rela- 
tive positions of the canals, appear to stand in no relation to 
mode of locomotion, but to a certain extent are indicative of 
genetic affinity. 

8. There are two main modes in the position of the pharyngeal 


aperture of the Eustachian tubes : a common pharyngeal aperture, 
or two distinct ones. 
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LONGEVITY OF A VELVET ANT. 
ADELE M. FIELDE. 


Finding no printed record concerning length of life in the 
Mutilidz, I think there may be value in an observation recently 
made by me upon a single female of Spheropthalmia occidentalis. 

She was captured in Arizona early in June, 1905, by Professor 
Edward S. Morse, of Salem, Mass. ; reached my hands on the 
first day of the ensuing August ; and lived under my observation 
until the twelfth of August, 1906. She was kept by me in a 
small glass ant-nest of the Fielde pattern, in which I fixed three 
glass vials whose interior diameter was scarcely greater than that 
of her own abdomen. Into one of these vials she often crept ; 
and she hibernated there during the winter of 1905-6, at a tem- 
perature between 65° and 75° F. Whenever the temperature 
rose as high as 80° F. she awoke, walked about and perhaps 
ate from the particle of honeyed sponge-cake that always awaited 
her in the adjoining compartment of the nest, where there was 
also a bit of sponge that was kept saturated with clean water. 
In summer she often sought the more humid part of the nest. 

She preferred darkness to light; but, like the formicid ants, 
she avoided only the ultra-violet rays. When sheltered by an 
orange pane which excluded the ultra-violet rays, she was mani- 
festly unaware that she was not in complete darkness. Like the 
formicid ants she appeared to be blind to other than the actinic 
rays. 


When first received by me, she once stung me sharply, but 
thereafter she became acquainted with my hand, seemed to 
greatly enjoy walking about upon it, and never left it willingly 
except to enter her nest. 


I never heard her stridulate when in the nest; but whenever 

I enclosed her in the warm darkness of my fist, she sounded her 

charming, harmonious notes, representing but two keys. Prob- 

ably each key was determined by one of the two overlapping 

sclerites on the top of the abdomen. Great variation in the 
265 
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rapidity of the muscular contraction produced at different times 
an effect like that of playing different tunes on a minute stringed 
instrument. The sound was sometimes audible at a distance of 
one yard ; but it was much more often audible only when the 
fist inclosing the insect was in contact with the ear. Occasion- 


ally she stridulated continuously for as long a time as three or 


four minutes. 

It is probable that this velvet ant lived at least three summers. 
The tendency to hibernate in a snug, arid cell, at temperatures 
below 75° F., makes it unlikely that her progenitors had reared 
her in the summer in which she was captured. She must, then, 
have been hatched as early as the summer of 1904. Her exis- 
tence was probably shortened by an unnatural environment. 
My observation of this specimen therefore indicates that the 
female of the velvet ant may live several years. 





THE DEGENERATE EYES IN THE CUBAN CAVE 
SHRIMP, PALAZMONETES EIGENMANI HAY-.' 


FRANK H. PIKE. 


The blind shrimp whose eyes are considered in this paper is 
common in the pools of the sink holes and caves near Cafias on 
the Western Railway of Cuba. The material was collected by 
Professor C. H. Eigenmann, who described the localities in his 
account of ‘The Fresh-water Fishes of Western Cuba” (’03). 
The species was described by W. P. Hay, in his paper “On 
a Small Collection of Crustaceans from the Island of Cuba”’ 
(’03). 

Material.— Four specimens were available for study. The 
general topographic relations were determined from a surface 
study of the different specimens. The histological detail was 
worked out mainly from one series of sections. The normal 


marine shrimp from Wareham, Mass., was used for com- 
parison. 


Methods, — The animals were killed in formalin and transferred 
to seventy per cent. alcohol. Preparatory to sectioning, the head 
was cut off and placed in Perenyi’s fluid for about twenty-four 
hours, dehydrated, cleared in xylol, and imbedded in paraffin. 
Longitudinal horizontal sections were made. They were mounted 
on the slide by the water method, and stained with hemalum 
and eosin. One specimen was killed in Vom Rath’s fluid and 
stained with safranin. The eyes of the normal shrimp were 
depigmented by being placed in a ten per cent. solution of nitric 
acid for from twenty-four to seventy-two hours before being 
placed in Perenyi’s fluid. The remainder of the technique was 
the same as for the degenerate eye. 


1Contributions from the Zodlogical Laboratory of Indiana University, No. 58. 
This study was completed many months ago. Its publication has been delayed to 
secure good photographs of the critical sections. The material was collected with a 
grant from the Carnegie Institution. 
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THE Gross ANATOMY. 


General External Appearance. — Like the cave crustaceans of 
southern Indiana and Kentucky, the Cuban shrimp is clear white 
or colorless. The antenne are extremely long and the chelz 


are relatively longer than in the out-door or normal species. The 


eye-stalks are plainly visible but not as prominent as in the nor- 
mal species. In the cave-crayfish from southern Indiana and 
Kentucky the eye-stalks are almost hidden beneath the rostrum, 
when viewed from above. They are much more prominent in 
the present species. 

Surface Views of the Eye-stalks.—I\1. Viewed from the side, 
with moderate magnification, the eye-stalks are seen projecting 
forward from the anterior lateral part of the head just below and 
to one side of the rostrum (Fig. 1). The eye-stalk is not termi- 


Fic. 1. Eye-stalk viewed from side. +, rostrum; ¢, eye-stalk; @, optic gang- 
lion ; 4, optic nerve ; ¢, retina; @, space filled with hemolymph. 


nated by a hemispherical cap as in the normal species, but by a 
peculiarly shaped, somewhat acute-tipped cone. The stalk is 
directed upward, forming a small angle with the horizontal. If 
the line drawn from the middle point of the base through the tip 
be taken as the long axis of the eye, the part of the stalk above 
this line will be at all points convex in outline. Beginning at 















DEGENERATE EYES IN THE CUBAN CAVE SHRIMP. 269 


the tip, the part of the stalk below this line is slightly concave 
for about one-half the distance from the tip to the base of the 
cone. From this middle point of the base of the cone on to the 
base of the stalk, the outline is again convex. 

The cuticula is clear white and partially transparent, with no 
trace of facets in the corneal region. There may be seen through 
it (2) a white mass, very nearly concentric in curvature with the 
outline of the eye-stalk, extending from the base forward a little 
more than two-thirds of the distance to the tip of the stalk, and 
terminating in a blunt cone; (4) a find strand running from a 
point a little below the end of this cone forward to (c) a small 
group of granules in the tip of the stalk. These granules appear 
to be spread over a small area on the proximal face of the cutic- 
ular tip, and taper to a narrower diameter where the thread joins 
them ; (@) a space appears between the white mass (a) and the 
cuticula on the sides of the stalk. No trace of pigment is visible 
with any magnification. In sections these structures are seen to 
to be (1) the optic ganglion, (2) the optic nerve, (3) the rem- 
nants of the retina 
and dioptric appa- 
ratus, and (4) a 
space filled with 
hemolymph, _ re- 
spectively. 

Any great amount 
of shrinkage due to 
reagents would cer- 
tainly break the 
fine strand of fibers 


running to the gran- Fic. 2. Eye-stalk viewed from above. r, rostrum; ¢, 
| : he ti I eye-stalk ; a optic ganglion ; 4, optic nerve; ¢, retina; ¢, 

ules in the tip. space filled with haemolymph. 

am inclined, there- 





fore, to believe that the greater part of the space seen between 
the optic ganglion and the cuticula is normal in this eye. 

II. Viewed from above, the outer side of the eye-stalk slopes 
inward toward the rostrum at an angle of 15 to 20 degrees to 
the longitudinal axis of the body. (Fig. 2.) The stalk termi- 
nates in a blunt, slightly rounded cone. The anterior mesial 
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edge of the stalk slopes inward and backward to the rostrum. 
The entire outline of the eye-stalk, when viewed from above, is 
singularly free from the graceful curvature of the normal eye- 
stalk. The same structures seen in the side view appear in this 
view. The tip of the eye-stalk is directed outwards away from 
the rostrum, and the optic nerve springs from the outer side of 
the anterior end of the optic ganglion. The granules are applied 
to the lateral surface of the stalk. The anterior end of the optic 
ganglion is more rounded than it is in the side view. 

General Appearance in Sections. —The specimen on which the 
account of the minute anatomy here recorded is based, measured 
17 mm. in léngth. The eye-stalk is 1,044 micra in its greatest 
length and 793 micra in its 
greatest width. The ratio of 
the length of the eye-stalk to 
its width is 1.3. The cuticula 
of the eye-stalk varies in thick- 
ness. It is 14.3 micra thick on 
the outer side of the stalk away 
from the rostrum, 10.9 micra in 
the region where the retinal 
elements are applied to it, and 





Fic. 3. Low power microphotograph 7-2 micra on the inner side of 
of eyes of blind shrimp from above. cf, the tip next the rostrum. 


corneal cuticula; c,retina; a, fibrous por- In the left eye the hypoder- 
tion of optic ganglion ; 0, cellular portion ; 


of optic ganglion ; 4, liypodermis. mis and the retina have adhered 

to the tip of the stalk, but the 
optic nerve has broken so that the retina and the optic ganglion 
are separated. The retina is applied to the side of the eye- 
stalk. In the right eye, the hypodermis and the retina have 
pulled loose from the corneal cuticula, but the optic nerve is un- 
broken. (Fig. 3.) 

The optic ganglion appears as a fibrous area surrounded by 
small cells with large, deeply-staining nuclei. The hypodermis 
has been torn loose from the sides of the eye-stalk and, in places, 
lies close to the optic ganglion. Transverse sections of the eyes 
of a specimen killed in Vom Rath’s fluid show the hypodermis 
lying in contact with the cuticular wall. 
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In the right eye, a fibrous 
strand—the optic nerve —ex- 
tends from the anterior outer part 
of the ganglion forward to the 
retinalelements. The optic nerve 
is bounded on each side by a 
layer of pavement cells with 
prominent nuclei. (Fig. 5.) In 
the right eye, the retinal elements 
are spread out rather loosely in 
the form of a fan, the apex of 
which is directed toward the op- 
tic nerve. Some spongy tissue, 
probably coagulated hzemo- 
lymph, appears on each side of the 
optic nerve between the bounding 
membrane and the hypodermis. 

Comparison of Normal and Degenerate Eyes. — Fig. 3 is from 

a photograph of the eyes 
of the blind shrimp. Fig. 
4 is from a photograph of 
the author's preparation 
of a normal shrimp eye, 
made with the same mag- 
nification used in Fig. 3. 
It will be noticed (1) that 
the degenerate eye is 
much smaller than the 
normal eye, (2) that its 
optic ganglion is appar- 
ently a single mass of 
cells and fibers, and is not 


Fic. 4, Eye of normal shrimp ; 
magnification as Fig. 3. 


divided into parts as in the 
normal eye, and (3) that 
the retina and dioptric ap- 


Fig. 5. Eye of blind shrimp. 4mm. objec- paratus are represented by 
tive and 4 projection eye-piece. +¢, retinula 
cells; 4, optic nerve; mé. /, bounding mem- 
brane of optic nerve; 4, hypodermis; cé; cor- these structures as they 


neal cuticula; @, coagulated hemolymph. exist in the normal eye. 


the merest vestiges of 
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A few numerical results will make these contrasts more evi- 
dent. There are present in each eye of a normal decapod about 
2,500 ommatidia. (Parker, ’95). Each ommatidium is com- 
posed of sixteen elements : two corneagen cells, four cone cells, 
two distal retinula cells, one rudimentary and seven functional 
proximal retinula cells, and one or more accessory pigment cells. 
In the retina of a normal eye there are, then, about 40,000 cells, 
about 22,000 of these being retinula cells. There are in the 
degenerate eye not more than 100 and not less than £o retinula 
cells, and not more than ten or twelve cone cells. The cone 
cells in the normal eye outnumber those in the degenerate eye a 
thousand to one, and the retinula cells of the normal eye outnum- 
ber those of the degenerate eye by at least two hundred to one. 

As stated above, the ratio of the length of the eye-stalk to its 
width in the degenerate eye is 1.3. In anormal crayfish eye I 
found this ratio to be 1.9. In the eye shown in Fig. 4, this ratio 
is 1.6. I do not know the range of variation in this ratio in the 
normal eye, but I feel safe in saying that the degenerate eye has 
decreased relatively more in length than in width. 


THe Minute Anatomy. 

The Retina in the Left Eye. —The hypodermis consists of 
oblong cells closely applied tothe cuticula and containing relatively 
large nuclei, Fig. 5. At the extreme tip, the cells become more 
spherical in shape and are slightly separated from the cuticula. 
The nuclei are less prominent than in the other hypodermis cells. 
Beneath these smaller cells is a layer of three somewhat larger 
spherical cells. Below these occurs a layer of two cells. All 
have small nuclei and clear cytoplasm. Two irregular masses, 
staining deeply with hemalum but exhibiting no discoverable 
structure, lie, one on each side, immediately beneath the hypo- 
dermis and to one side of the clear cells above mentioned. Im- 


mediately beneath these dark masses are two other irregular, 


structureless patches staining diffusely with eosin and not at all 
with haemalum. 

Miss Seaton (’03) states that, in the compound eyes of Machilis, 
the cone cells do not stain readily with plasma stains. In some 
of my own preparations, the cone cells do not stain as readily 
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with a plasma stain as do some of the other tissues of the eye. 
Does this consideration, together with the position of these clear 
cells, afford us sufficient evidence to warrant us in regarding 
them as degenerate cone cells? I shall presently give a stronger 
argument in support of this conclusion. What the dark masses 
and the irregular patches of tissue represent I am not prepared 
to say. Iam not certain that they posses any special morpho- 
logical significance. 

Beneath these structures is a group of larger cells with large, 
deeply staining nuclei. The nucleus occupies nearly all the 
space in the cell, there being only a narrow ring of cytoplasm 
within the cell wall. A plainly marked fibrous tract, the optic 
nerve, extends from these cells toward the optic ganglion. A 
fine membrane separates this fiber and cell tract from the hemo- 
lymph or spongy tissue on either side. The large cells are, 
as I shall presently show, retinula cells. 

The Retina in the Right Eye. — The tearing loose of the retina 
from the cuticula has destroyed the cone cells and the hypoder- 
mis at the tip so that no trace of either is visible. The looser 
arrangement of the large, deeply staining cells permits of a more 
accurate determination of their relation to the fibers of the optic 
nerve. With the oil immersion lens, the fibers can be traced up 
to these cells and can be seen ending in them. (Figs. 6, 7, 
and 77.) 

The objection may be urged that, since hamalum is not a 
nerve stain, the fibers in question have not been shown to be 
nerve fibers. The reaction to iron haematoxylin is not as marked 
as in the fibers of the cephalic ganglion, but is still marked 
enough to indicate that they are nerve fibers. The strongest 
evidence that they are nerve fibers is their relation to the optic 
ganglion and their correspondence in position and relation to the 
nerve fibers in the normal eye. I believe that the simplest 
explanation open to us is that the fibrous strand represents the 
optic nerve. 

Parker (’95) states that, in the normal decapod (Astacus) eye, 
the fibers of the optic nerve pass through the retinula cells and 
disappear in the region of the rhabdome. There is no instance 
known to me in which degeneration has caused a change in the 





274 FRANK H. PIKE, 


location of a nerve ending. I consider the deeply staining cells 
to be degenerate retinula cells. The cone cells have lost their 
distinctive characteristics much more than the retinula cells. 
Summary. — The degenerate eye has a relatively shorter stalk 
than the normal eye. The corneal cuticula is thinner than that 
on the outer side of the eye-stalk. The optic ganglion appar- 


Fic. 6. Eye of blind shrimp. 2 mm. oil immersion objective, 4 projection 
eye-piece. x1,000. 77, retinula cell in which a nerve fiber, 2, may be seen to end. 


ently consists of a single mass of fibers and cells. There is nor- 


mally some space between the optic ganglion and the cuticula of 
the eye-stalk. The optic nerve, extending from the optic gang- 


lion to the retina, is present. The retinula cells, in which the 
fibers of the optic nerve terminate, still persist. The vestiges of 
the cone cells may be, and probably are, present. The structures 
serving to distinguish light from darkness, probably being older 
phylogenetically than the structures concerned with the produc- 
tion of a definite image, are less degenerate than the latter. The 
active structures of the eye, represented by the retinula cells, 
have degenerated vastly more than the passive structures such as 
the cuticula. 
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Several questions arise to which no satisfactory answer can at 
present be given. (1) To what extent has the internal morphol- 
ogy of the neurones of the adult optic ganglion been modified by 
degeneration? (2) To what extent has the degeneration of the 
axones affected the cephalic ganglion of the animal? (3) What 
is the condition of the eyes in the embryo? The neurones of the 


Fic. 7. Same eye as in Fig. 6, but different focus. x 1,000. #, a nerve fiber 
ending in 77, a retinula cell; ¢, coagulated hemolymph ; m4, bounding membrane 
of optic nerve ; 4, fiber of optic nerve; 4, hypodermis; ¢¢, corneal cuticula. 


Microphotographs by Dr. D. W. Dennis, Earlham College, Richmond, Indiana. 


optic ganglion seem to have degenerated so much that their 


internal morphology is enigmatical. No nuclear wall nor chro- 


matin threads could be seen in any of them, even when stained 
with iron hamatoxylin. It is an open question what the phy- 
logeny of the decapod eye has been, and what bearing the pres- 
ent case of degeneration may have on the Law of Biogenesis. 
Che embryological history might throw some light on this latter 
phase of the question, but it has been impossible so far to find 
embryos. 
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